Abstract-Effect of free radicals on microvascular dimensions was studied in anes thetized cat intestinal mesentery. Generation of free radicals by xanthine oxidase, acting on endogenous substrates (e.g., xanthine, hypoxanthine), produced sustained vasodilation at pH 7.4 or at pH 6.6. These effects were reversed by superoxide dismutase (SOD), a superoxide radical ('02-) scavenger, at pH 7.4, and by SOD plus hydroxyl radical ('OH) scavenger d-mannitol at pH 6.6. These findings suggest that the sustained vasodilation is caused by '02 and by 'OH derived from '02_ at low pH.
Since the recognition that oxygen-derived free radicals may be produced by biological reactions (1), the radicals have been im plicated to play roles in various pathophysio logical processes (e.g., oxygen toxicity, inflammation, ischemia-induced tissue in jury). The involvement of the radicals in oxygen toxicity has been demonstrated by numerous studies of both microbial and mammalian systems (2, 3) . The primary role of the radicals in the phagocyte-mediated inflammatory process has recently become more clearly understood (4) . The patho physiological role of the radicals in ischemia induced tissue injury is, on the other hand, currently under investigation in our laboratory (5-8) and in others (9) (10) (11) .
Recently, it has been shown that an experimental induction of free radicals can increase vascular permeability to macro molecules by endothelial alteration (12) and that it might thus be of importance in micro circulatory dysfunction with further tissue damage. However, the precise role played by the individual reactive species and their products in pathological processes in the microcirculation are not understood well.
The experiments reported below were designed to determine the role of superoxide radical ('02-) and hydroxyl radical ('OH) in microvascular dimensions changes observed after application of xanthine oxidase to the mesenteric microcirculation in cats.
Materials and Methods
Preparation of animals: Healthy, adult cats of either sex, 2.0 to 3.0 kg body weight, were anesthetized with sodium pentobarbital (30 mg/kg body weight) given intravenously. The intestinal mesentery was exposed by a midline abdominal incision and transferred to the stage of a microscope (Type-L, Nikon, Japan), and then the objective field of the mesentery was placed in the bath chamber (37 °C; 2.5 ml, Krebs-Henseleit Ringer solution, maintaining a low oxygen tension of approx. 5 kPa (40 mmHg) and a pH of 7.4, 7.0 or 6.6) and transilluminated following the techniques of Zweifach (13) .
Measurement of microvascular dimensions: Microvessel luminal diameters were measured continuously by the image-shearing tech nique implemented by Intaglietta and Tomp kins (14) that consisted of a microscope (Type-L, Nikon, Japan), image shearing sensing head (Model M-17, Vickers, MA) and microvision system (HV-132, Hitachi, Japan), whose output was viewed on a monitor. The technique possesses resolution which allows determination of diameters with an accuracy in the order of 1 ,um for vessels of 15-20 pm diameter and greater. In this study, arterioles and venules of about 20 ,um diameter were selected as an experimental object. A water immersion W 20/ 0.33 objective with an 1 Ox eyepiece was used for the measurement.
Generation of free radicals and use of free-radical scavengers: To produce a flux of oxygen-derived free radicals, an enzyme substrate system consisting of xanthine oxidase (Sigma Chemical, St. Louis, MO) and endogenous substrates (e.g., xanthine, hypoxanthine) was used. [3] '02-+H202 -* 0H-+'OH+'02 Singlet oxygen, however, may be readily scavenged either by hypoxanthine or by xanthine and urate which are the products of this enzymic reaction as reported by Kellogg and Fridovich (15) .
The presence of sufficient endogenous substrates was confirmed in the prepared mesentery homogenate according to a previous report (17) . In brief, the mesentery was freeze-dried, suspended in Krebs Henseleit Ringer solution buffered with sodium bicarbonate, and homogenized. The supernatant was obtained after centrifuging for 20 min at 2,000 rpm. The reduction of cytochrome c3+ (Cyt c3+) by '02 was assessed in a solution containing 50 jM Cyt c3+ and 1.2 ml supernatant to which xanthine oxidase was added at a concen tration of 0.05 unit/ml in a final volume of 2.5 ml. The increase in absorbance at 550 nm was monitored at 37 °C with a double-beam spectrophotometer (Model 124, Hitachi, Japan). The absorbance at 550 nm was markedly increased by the addition of xan thine oxidase, suggesting that sufficient endogenous substrates were present in cat intestinal mesentery (Okabe et al., unpublished observations).
Inhibition of free radical-induced changes was tested by the addition either separately or combined of superoxide dismutase (SOD) (Sigma, 10 ug/ml final concentration) or d-mannitol (Sigma, 20 mM final concen tration). SOD was used to scavenge '02 and d-mannitol to scavenge the 'OH radical (18) . The timed sequence of reagent addition is described in "Results".
All solutions were prepared with deionized distilled water by use of analytical grade reagents. Statistical significance tests were performed between all groups using Student's t-test or an analysis of variance when indicating a significant difference.
Results
It is known that while the rate of enzy matically catalyzed dismutation reaction is pH-independent in the range of pH from 4.8 to 9.7, the spontaneous dismutation reaction is strongly dependent on pH (19, 20) . In preliminary experiments without the free radicals generating system, the effect of increasing acidosis (pH 7.4 to 6.6) was examined on the diameter of microvessels. After 30 min-equilibration at pH 7.4, 7.0 or 6.6 to allow the establishment of a steady state, the steady-state vessel diameters were measured (see foot note for Table 1 ). In this Table 1 . The effect of pH on diameter of microvessels Microvasculature was equilibrated for 30 min in the bath chamber (37°C; 2.5 ml, Krebs-Henseleit Ringer solution adjusted to pH 7.4, 7.0 or 6.6) to the desired pH (7.0 or 6.4) after 30 min-preequilibration at pH 7.4. The solution in the bath chamber was immediately replaced with freshly pH-adjusted Ringer solution after each measurement.
Each value represents the mean (n=4)+1 S.E.M.
series of studies (Table 1) , increasing proton concentration between pH 7.4 and 6.6 resulted in no significant change in the diameter of the arteriole and venule. We generally made observations in the steady state vessel diameters approx. 10-15 min after the correction of the pH. Significantly less or no changes in the diameter of micro vessels were seen during the equilibration. Having established that the pH range of 7.4-6.6 had little effect on dimensions of the microvessels, we next turned to the effect of generated free radicals by xanthine oxidase on the diameter of microvessels at pH 7.4 and 6.6. Figure 1 presents the dose-response effect of xanthine oxidase (0.0125-0.1 unit/ml final concentration) on the diameter of microvessels at pH 7.4. The application of xanthine oxidase to the bath chamber produced dose-dependent increase in ar teriolar diameter 1 to 10 min after the ap plication, and there was about 40-50% increase caused by 0.1 unit/ml of xanthine oxidase. In the venule, the xanthine oxidase induced increase in diameter reached a peak at 0.05 unit/ml 1 to 8 min after the application, and xanthine oxidase at 0.1 unit/ml produced petechial hemorrhage. The majority of the hemorrhage sites observed were associated with postcapillary venules and larger venules (>20 ,um), but not with arteries, arterioles or capillaries (data not presented). The causes of the hemorrhage are presently under investigation.
Based on the findings stated above, 0.1 unit/ml of xanthine oxidase was applied for measurement of arteriolar diameter and 0.05 unit/ml for that of venular diameter in all of the following experiments. Figure 2 presents the effect of generated free radicals by xanthine oxidase on the microvessel dimensions at pH 7.4. Superoxide dismutase (SOD) by itself had little effect on Fig. 2 . Effect of superoxide dismutase on free radicals-induced changes in diameter of microvessels (arteriole, A; venule, B) at pH 7.4. Microvasculature was equilibrated for 30 min in the bath chamber at pH 7.4 before the experiment. Xanthine oxidase, 0.1 unit/ml in a final volume of 2.5 ml, was added (T ) when the diameter of the arteriole was measured and was added at 0.05 unit/ml when that of the venule was measured. Superoxide dismutase, 10 pcg/ ml in a final volume of 2.5 ml, was added at time zero ( t ) or 2 min after addition of xanthine oxidase (TT). Each point represents the mean (n=4-6) and the error bar±1 S.E.M. 0, *=with xanthine oxidase; 0. ()=with superoxide disumtase. our system. With the generation of free radicals, there was a sustained vasodilation in the arterioles ( Fig. 2A) and venules (Fig. 2B) , and these increases in microvessel diameters were significantly reversed with the ap plication of SOD.
In contrast to the studies at pH 7.4, however, SOD had no significant effect on the free radicals-induced sustained vasodi lation at pH 6.6 (Fig. 3) . There was only a slight amount of reversibility with application of d-mannitol to this system at pH 6.6. The application of SOD plus d-mannitol resulted in significant reversibility of the effect of free radicals. SOD, d-mannitol or SOD plus d mannitol had little effect by itself in this system at pH 6.6.
Discussion
Free radicals are highly reactive molecular species and are capable of causing cellular damage (21) (22) (23) . Cell membranes are particularly vulnerable to the action of free radicals because of their high content of phosphol1pid-bound unsaturated fatty acids (24) (25) (26) .
The generation of free radicals in high concentration in cell membrane is likely to lead to chain reactions by the production of lipid peroxides, which, in turn, produce new free radicals. In this fashion, extensive microvascular endothelial alteration may result. Enzymatically generated free radicals on the surface of the cat intestinal mesentery may also initiate lipid peroxidative chain reactions within cellular membranes with the release of fatty acid hydroperoxides. The presence of these lipid peroxides and possibly others such as the endoperoxide products of arachidonic acid (27) may result in both reversible and irreversible endothelial cell alterations. These associated with radical-induced degradation of vessel wall components, such as hyaluronic acid (28) , may result in local disruption of the endothelial cell barrier with a subsequent reduction of responsiveness to vasocon strictors. The precise association of free radical-mediated damage of microvasculature to particular free radicals must at present be only tentative because the characterization of the reaction of free radicals and their scavengers with tissue components is not complete. What does seem clear from equations [1 ] to [3] is that the concentration of these free radical species will depend on pH (20) .
With the implication of both free radicals generation and a decrease in pH, we designed our study to examine the combined effects of both free radicals and protons on micro vascular dimensions. In the experiments at pH 7.4, the superoxide radical ('02-) seems to be the radical species responsible for the microvascular vasodilation. This view is supported by the fact that the changes induced by xanthine oxidase were reversible by the application of SOD. Presumably the H202 generated by the dismutation of '02 is destroyed rapidly and effectively by endogenous catalase and peroxidases. Decrease in pH from 7.4 to 6.6 brought about the following changes which require explanation: (a) it rendered exogenous SOD unable to reverse the vasodilation caused by the products of the xanthine oxidase reaction; (b) it enabled d-mannitol, in the presence but not in the absence of SOD, to reverse the vasodilation caused by the radicals generated by the xanthine oxidase reaction, suggesting that hydroxyl radical (-OH) and not .02-may be the species responsible for the vasodilation at pH 6.6. The potential for the continued generation of -OH could come from one of three possible reactions: A Haber-Weiss (29) is the limiting factor, the lower pH would be expected to lead to an increased rate of generation of the -OH. Since the reversal of the effect of xanthine oxidase at pH 6.6 requires, in addition to d-mannitol, the presence of SOD, both '02 and 'OH are evidently involved in causing the vasodilation at this pH. It is also possible that '02, by reducing the catalytic iron involved in the Haber-Weiss reaction, might accelerate the formation of the -OH (32) . It would appear that the free radicals, by causing lipid peroxidation, may induce endothelial cell relaxation resulting in vasodilation. However, the mechanism by which a lipid alteration of this type causes vasodilation is not well understood. Clearly, additional studies are required to determine the type of lipid alterations that occur in this system. Superoxide 
